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A b s t r a c t

We present asurvey  for extended 2.2 prnemission in 20 new visual reflection nebulae,

i]]uminakc]  by stars with temperatur’cs  of 3,600 --- 33,000 K. We detect extended 2.2 pm

emission in 13 ncw ]lebulae, illu]ninated  by stars with temperatures of 6,800 - 33,000 K.

F’or lnost of these 13 nebulae we have mcasurccl  J - K, }1 -- K, and 1{ – 1,’, as well

as obtaining  surface brightness IIlcasurernents  of the ;\.3 pm cmissioll  feature. All of the

reflectioll  nebulae with extended near infrarecl  emission in excess over  scattered starlight

have very sill~ilar near infrared colors and show the 3.3 jtm  feature in emission with similar

featllrc:-to-colltilllllllll  ratios. ‘] ’he 3.3 pm featllre-tc)-collti?luun-l  ratio ranges from N3 to w9,

bot]l  within individual nebulae and from nebula to nebula, which suggests that the 3.3 pm

feature and its underlying coniinuum arise frol~~ different materials, or fro]n  different ranges

of sizes within  a size distributioll  of particles. No dc])endence  011 the temperature of the

i]]ulninating  star is seen in the near infrared co]ors  o] 3.3 pIn  fcatllrc-to-colltilluul~l  ratio,

over a factor of two in stellar temperature. ‘1’his  is similar to our previous lRAS results,

ill which we found no dcpcndcnce of the ratio of 12 pm to ] 00 IiII) surface bright nesses  in

reflection ncbu]ac  illuminated by stars with temperatures of 5,000 33,oOO K.

]Iebulac  i]lfrared

illterstcllar:  lines

SM: dust ,  ext inct ion ISM: molecu]cs  ISM: re f l ec t ion

genera l  in f ra red : int,crsttllar:  continuuln  - infrared:
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1. I n t r o d u c t i o n

l’;xtended  near illfrarcd  continuum emission in

by  Scllgrc!ll,  wcm’r, & l)illmstcin  (1 983; hereafter

visual  reflwtio]l  Ilcbulac  was discovered

Paper I) and Sc]lgren  (1 984; hereafter

l’apcr 11) in NGC 2023, NGC 2068, and NGC 7023. ‘l’hey sllowcd  that this near infrared

continuuln  m]lission,  unlike the visual reflection ncbulosity,  was not primarily due to

scattcrcd  starlight. ScJlgrcll,  Werner,  & Dincrstein (1 !392; hcreaftm l’aper IV) qualltificxl

tllc  alnoullt  of near infrared scattered starlight in NG( I 2023 and NGC 7023 by polarization

observations, and snowed that it contributes <20%0 of the observed 2.2 pm surface brightness

of N’GC 7023. It was also shown in Papers 1 and 11 that thermal elrlission  from clust grains

in ecluilibriu]n  with the stellar radiation field is unable to account for the near infrared

continuuln  emission. ~bscrvations  of visua]  reflection  nebulae by %]lgra]  et a]. (] 985),

Castelaz, Scllgrel),  & Wcmlcr  (1 987), %llgren, ljuan,  & Wmvlcr (1 990; hereafter

and Roctlc,  Aitkn,  & Smith (1 994) show that this infrared cent il)uunl  emission

least froln  1 to 25 pm.

l’aper III),

exteIlds at

A variety of proposals have been made to explain this llcar  ilifrared cont inuum

clllissioll.  OIIC idea is thermal cnlission  from transiently heated tiny grains, with a raciius

of w 10 ~, whic]l are briefly heated to tclnperatures  ]Iear N 1000 K by the absorption of

sillgle  ultraviolet (lJV)  photons (Papers 1 and 11), A1)tJther  suggcstio]l  is a quasi-colltil~lluI~l

of overlapping overtone and combination bands arising  froln  vibrational fluorcsccv}ce in

lmlycyclic  arolllatic  hydrocarbo]l  ( l’All)  Inoleculcs  (Ikgcr  &: l’uget  1984 ;  A

‘J’iclells, & IIarker  1985). A third  explanation is an electronic fluolescellce ill

(Allamalldola, ‘1’ielel]s,  & Ilarker 1989).

Ialllandola,

‘All I11o]ccU]CX

‘1’he l]car  infrarecl  continuum cmissio]l  in the visual reflection ]]ebulac  NGC 2023, NGC

2068, and NGC 7023 is strongly associated with an cmissio]l  fcatum at 3.3 pm (} ’apcr I).

‘1’llis  mnissio]l  feature has ,also  been detected in the lisual  reflection nebulae NGC 1333
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(Whittet  ct al. ] 983)  and  l)arsamyan  18 (Jourdain  dc Muizon, d’llendccourt,  & Gcballc

]990). ‘1’he 3.3 pm feature is one! of a group of elnission  features at 3,3, 6.2, 7.7, 8,6,

and 11.3 pm, obscnwcd  together in proto-planetary nebulae, planetary nebulae, reflection

nebulae, 11 11 regions,  young stellar objects, a.]ld galaxies dolI]inated  by star formation (see

Aitkell  1981, Wil]ncr 19S4, IIregnlall  1989, l’uget  & I,iger 1989, ancl Allamandola, ‘1’ielens,

& llarkcr  1989 for reviews). ‘1’hc 6.2, 7.7, 8.6, and 11.3 ~~m features IIavc also been  detected

in LIIC visual reflection nebulae  NGC 7023 (Scllgren  et al. 1985), NGC 2023 (Sellgren  et

al. 1985; Roc]le,  Aitken,  & Smith 1994), Parsamyan 18 (Collell, ‘1’iclens,  & Allamandola

1985; Cohen et al. 1986), NGC 2071 (Cohen et al. 1986), and NGC 1333 (Roche, Aitken,

& Smith 1994 ).

‘1’IIc clnission  features seen at 3.3, 6.2, 7.7, 8.6, and 11.3 pm arc generally believed

to be dLle to so]ne  sort of aromatic hydrocarbon. Proposed laboratory analogs for the

material whic]l  emits these features inc]ude alnorphous  carbon (I)ulcy  & Williams 1981;

ljorghcsi,  ]Iussoletti, & Colangc]i  1987), C601160  (Webster  1991),  coal  (1’apoular  et al.

] ~~~), ]Iydrogcl]ated  aIllorl)holls  ~arbol~ (l]lallc,o,  ]3ussoletti,  & Co]ange]i  ]988;  ogmen

,1~ IIulcy 1 %S8), nitrogenated  amorphous carbon (Sa])erstein,  Metill, & Kaufman 1989),

tile  carbonaceous residue from Orgucil  meteorite (Wdowiak,  l’lickingcr,  & Cronin 1988),

polycyc]ic  arolllatic hydrocarbons (lJ&ger & l)uget  19S4; Allalnandola,  ‘~ ’ielensj & Barker

] ~s~, ] ~sg; I,@[H,  (] ’] Iendccourt, & l)dfourneau  1989), quenched carbonaceous composite

(Sakata et al. 1987), and a spiral carbonaceous microparticle  ~~itll an internal hydrogen

(Ilallll & Kroto 1990). L40st of these proposed laboratory alialogs  identify the 3.3 pm

feature with a C- }1 stretch vibration in aromatic hydrocarbons. ‘]’hc emission mechanism

for tile aro]llatic  hydrocarbon features has been  pro])osed  to be tl]erlnal  elnission  from

transimltly  heated tiny a romat ic  grains  (Papers 1 an(l II), or a vil)rationa]  f!uorescel]ce

ill I}  A l l  ]lloleculcs  (I,dger  & IJu,gct 1984; Allamandola, ‘1’ie]ens,  ,ST IIarker 1985, 1989).

Although  silni]ar  lnaterials  and n~cchallislns  have been  proposed ill cacll case, the emitting
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and emission mechanism for the 3.3 pln feature  and the adjacent continuum may,

or may not, k the same.

We present here the rmu]ts of a survey of 20 additiona’

cxtcmdcd  near infrared continuum emission. Our goal is to

visual rdlcction  nebulae for

ncrcasc  the sample of visual

reflection nebulae for which near infrared surface brightncsses  and colors are available,

ill order  to sce whether the three bright nebu]ac  observed ill l)apers  I and 11 are typical

or extraordinary visua]  reflection nebulae. wc also present the results of a search for

accolnpanyillg  3.3 IL1l”I emission whenever extcv]dcd  near infrared cmltinuum  emission is

dctcctcxl.  We colnpare our observations to obsmvatiolls  at visual wavelengths, in order to

quantify any possib]c  contribution from scattered stallight  to the llcar  infrared continuum

cll]issioll.  Wc C11OSC reflect ion nebulae with a range  of values  for 7Ltar , ~he tenlp~ratur~  of

tl]c central illumi]]ating  star, to determine if there was any dependence of the near infrared

emission prolwrtics  on 7& . Our sample was primarily choseIl from the survey of visual

rcflcctio]l  ]]ebulac  conducted by van den IIcrgh (1 966). ~’able 1 gives a list of the ]]ebulae

,$,C ]lavc [)bserv(.d,  all(l sutlllllarizcs  the })rol)crties  of t]]e central illutllinating  star for each

nebula.

2. O b s e r v a t i o n s

‘1’llc IIt:ar il)frarcd observations were primarily obtained at tllc  NASA infrared ‘1’clcscopc

]’acilit y at Nlauna Kca o b s e r v a t o r y ,  bctwccn 1984 and 198S. Observations were  also

obtail]ml  at tl)c  llnited Kingdom ]nfrared ‘1’elcscopc aIld  at the U1livcrsity  of IIawaii 2.2-111

tc]csco]m  at Nlaulla  Kea observatory in ]984,  and at the 0.6-In  tc]cscope  at Moullt  wi]son

Observatory ill 1981. ‘J’llc  observational setup was tllc  same as i]] ])apcrs  I and 11. Single

detector lI)SL plloto]nctct  systems cooled to solid nitrogen tcmlpfraturm  were  used in all

cases.  Circular variable filter WIICCIS with spectral resolutiorls  of J/A~ = 50 100, cooled  to
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]iquic]  IIitrogcnl  k!nlpe~atU~C, WCK:USCdfOr s~~ectrolJll{Jtollletl”yat  3.3 /1111. ]“orsoll”lel  lcbll]ac

(NGC 2071, }’arsalnyan  18) 3.2-- 3.6 pm spectra were obtained with a circular variable filter

wheel having a spectral resolution A/AA  == 67, and a 10.5” diameter beam. Chopping

secondary lnirrors  were  used for sky subtractioll,  cxcc])t  for the 1981 observations where the

focal plane chopper dc.scribed  by IIec.klin  and Ncugebauer  (1 968) was used. ‘1’he chopper

throw rallgcd  frolll 120” to 377”, usually in right ascension but solnctilnes  in declination

il~stcacl. ‘1’llc most commonly USCC1  throw was 180” in right ascm]sio]l.

‘1’l)c observatiol]al  approach to this study of extended near infrared emission in

reflection nebulae was to search first for emission at A- (2.2 pm) at several nebular positions,

typica] 42” from the star. Positions obviously contan]inated  by field stars in the signal or

reference bcaln were elilllinated,  and if 1{ emission was detected ill t}]c rclnaini  Ilg positions,

the bri,ghtcst  of tl)esc  positions was selected for further study. observations were obtained

at this brig] ltest ]msition  with a smaller aperture to lest whether tllc emission was truly

extended, then as muc.]1 data as time permitted were obtained at t,lie brightest position at J

(1 .25 pin), 11 (1.65 pm), 1,’ (3.8 pm), and, using the circulal variable filter wheel, in the 3.3

//In cmissiol]  feature. l~or a few nebulae, multiaperture  photolnctry  at A’ or single aperture

p]lotollletry  at other  illfrarcd wavelengths were obtail]cd  at lnore than one nebular position.

]Iccausc t]]c observations entailed a search for faint cxtelldcd  elnission  near bright stars,

careful lncasurclncnts  were  made of the instru]nenta]  scattcrcd  light.  l{:ach  offset position

IIlcasurcd ill a llebula  was also lneasurml  near a bright standard star, and the scattcrcd  light

correction) detcmniued  for each night applied to the observations of the reflection nebulae. At

tile standard offset positio]ls  given  in Table 2(1, the difference, Am, between the magnitude

of a star and tile nlagl]itude  of the instrumental scattered light correction measured in a

10.5” diallletm apmturc  ranged from A7n = S.7 Inag  to Am == 12.6 mag on different nights

and at diflermlt  ])osit, ions,  with a typical ullcertainty  in Am at a given position and night

of 0.3 Il]ag. ‘1’llc resulting instrumental scattered light corrcctio)l  was negligible for the
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brightcst  nebulae, but was equal to or larger than the nebular emission at some positions

within vdll 10, VCIB 16, 23 ‘l’au, llias 1, vdll 34, vdl)  35, vdll  46, vdIl 101, vdB 111, vdIl

133, VC1lI  135, and IC 5076. ‘J’hc uncertainties given for the obscmations  therefore include

both the statistical and photometric uncertainties in 1 he individual observations, and the

uncertainties in tl~e instrumental scattered light corrections. l~or n~any nebulae in which

]1o emission was detected, particularly those with bright illuminat  i]lg stars, our observed

upper limits arc dolninated  by the uncertainty in the instrumental scattered light correction

rather tllall  by tllc  combination of statistical and photometric u]lccrtainties.

l’hotometry  at 3, 11, A’, 3.3 pm (throug]l  the variable filter wheel), 1.’, IV (1 O ~inl),

ancl Q (20 ~{]n) was also obtained for the central stars of many of the nebulae ill ‘l’able 1.

‘l)hc J, 11, A’, and 1.’ stellar photometry was usually obtained at the same time as the

s~lrfacc photometry of the surrounding nebula, with the same observing setup, as part of

clctcrmining  t,hc instru]ncntal  scattered light correction. ‘1’he N and Q photometry was

obtained at the 11~1’]~  in 1987, using a standard single-  chanlle]  bo]olnetcr  system cooled

with  liquid llcliu]n,  and a 6“ dian]eter  aperture.

All obscrvaiions  were obtained  on photolnetric  nights . ‘1’he photometry and

sl~cctr~)l~}~otolllct,ry  were calibrated by observations of stars fronl  tl]e  1 RTl~ stanclard star

list (’1’okullaga  1986),  with stars from FHias ct al. (1 982) and the Caltcch  u)lpublished  list

~)rcfcrrcd.  WC assu]llccl fluxes for zero magnitude of 1630 Jy, 1050 J y, 655 Jy, 313 Jy, alld

248 J y at J, 11, A’, 3.3 pm, and 1,’ rcxpcctively,  which were  adopt cd from or interpolated

Imtwwvl  tllc values of Cohen  CL al. (1 992). Scans of I)right  stars were used to correct the

pllotollletry  of extcIldcxl  sources for the clifference  bctwcxm a poil)t,  source and uniform

cxtc’ndcd  source. ‘J’his  correction was not included in l’apcr I, and so wc have applied this

correction to the results of l’apcr I when they are given for coln})arison  with the new results

of the prcscvlt  paper.



-8--

3. R e s u l t s

3.1. 1{ surface photon~etry

‘J’hc results of the A’ surface brightness photometry are given i]] ‘~’able 2. ‘l’able 2a gives

surfacr brigllt])esscs  measured at standard offsets frolll  the central star, of 30”1; 30”N, 30”F,

30”S,  30”W 30”N, and 30”W 30”S. In Table 2b we present 1{ surface  brightnesscs  measurccl

at otllcr  oflscts,  generally chosen to complenmlt  data available at other wavelengths. We

inc]udc in ‘1’able 2 results from l’apcr I for NGC 2023, NGC 2068, and NTGC 7023, corrected

for all ilnproved  calibration, plus some new observations of these sources. Observations for

20 additional visual reflection nebulae are presented }Iere, whic}l combined with the results

of l’aper I provides 1{ surface bright nesscs  for 23 soulces.

of tlIc  20 new IIcbulac  observed, extcncled  1{ en]ission  was clearly dctectecl  in 13 of

thcln. l~hnission at 1{ at offsets away from the central star was seen in two  other nebulae,

VCI}l  135 a]ld IC 5076, bLIt observatio~ls  with different beam sizes were either unavailable

or were unable to clearly establish that the emission was cxtendccl.  hTo correction was

attcll~pted  for possible e]nission  in the rcfcrcncc  beam, which is a ])otential  problcm  for the

Inost  exteIIdcd sources, particularly 23 ‘J’au.

3 .2 . N e b u l a r  C o l o r s

1]1 ‘1’ab]c 3 wc prcsc]lt the colors of the reflection nebulae, at J, 11, K, and 1,’. We

illcludc  for colnparison  the colors of tl]c  three nebulae prcscmtccl in l]apcr I, NGC 7023,

N(; C 2023, and NT(;  C 2068, again corrected for an inlproved  calil)ration,  plus some ncw

obscrvatiol]s  of these sources. So]nc  ncbu]ar  colors }verc measured at multiple spatial

]Jositions,  or at t]lc  sall)c  spatial pos i t i on  bu t  with c]ifrercnt aperture  sizes.  h~casurcrllcnts
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of, or lower limits to, J – K and H — 1{ were obtained for all 1!5 nebulae in Table 3.

h~easurcmlcnts  of, or upper ]imits on, ~{ – 1,’ were obtained for 14 of the 15 nebulae in ‘l’able

3.

3.3. The 3.3 pm fea tu re

Spectrophotometry  was obtained at the wavelength of t}lc 3.3 pm feature for the

brightest reflection nebulae. ‘] ’hese observations arc included in ‘l’able 3, in the form of

a dif~erellcc  between 1{ anti the obscrvecl  3.3 pm maf,nitudc. Measurements of, or upper

lilnit,s on, 1{–[3.3  pm]  were obtained for 14 of the 15 nebulae in l’able 3.

3.4, Pho tomet ry  o f  the  Cen t ra l  S ta r s

In ‘1’able 4 wc prcscllt  the near-infrared n]agnitudcs  wc have ]ncasurcd  for the central

stars of tllc  reflection nebulae in this paper. Magnitudes at J, 1], K, 3.3 j~nl (measured

t]lrough  tllc circular variable filter wheel), and 1,’ arc given. %vcral of the central star

mcasurcll]ents  have significant contributions from the surroundill~  nebula included in

the lncasurcnlcnlt,  and as a result the central stars of NGC 1333 and Parsamyan 18,

and probab]y  the ccmtra] stars of NGC 2023, vdB 74, and NGC 7129, have a measured

lnagnitudc  at 3.3 pIn  w]licl]  is brighter than either the K or 1,’ magnitude, or which depencls

on aperture size. ‘1’his  effect was also seen in l’al)er 1 I, where the CVl” spectrum of the

cclltral star of NGC 2023 showed the 3.3 pm feature ill emission.

]n ‘1’able 5 we presmlt the mi(l-infrared  nlagnitudes  wc IIave measured for the central

stars of tile  reflection nebulae in this paper. Magnitudes at 10 al]d 20 pm (N and Q

respcctivcly) arc given. We do not usc these observations in our alla]ysis  but present thcm

for COlllplckncss.
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4. Discuss ion

4 . 10 E n e r g y  D i s t r i b u t i o n s

in l)apcr I I the observed broad-band e]]ergy  distributions frcjln  1 to 1000 pm were

presc])tcd for three reflection nebulae, NGC 2023, NG(~ 206S, and N (;C 7023. ‘1’hese  energy

distributions S11OW  a strong near-infrared excess over the expected level of near-infrarecl

scattcrccl starlight, mid-infrared emission whic]l is even strollgcr  than the near-infrared

mnission,  al]d a peak in the far in frarecl  presurnab]  y due to thcrlnal  emission from grains in

equilibrium with the radiation field. 111 Paper 111 the lRAS energy distributions from 12

to 100 pln were shown to be very similar fc)r a sample of reflection nebulae illuminated by

stars with wldcly varying 7&r . In l’igure 1 wc plot the 0.44- 3.8 ~{m broad-band energy

distribution of O]lC of our ]]cwly observed reflection llebulac,  NGC 2071, along with its

spectrunl  near the 3,3 pm feature, ]ts visual and neal  infrared energy distribution is very

silnilar  to that of prcvious]y  observed rdlcction  nebulae. Its 3.2--3.6 pm spectrum is also

very silni]ar to that  of previously observed reflection Ilebulac (I>aper  1).

h’or  colllparisoll  with the observed nebular  emission of NT(;C; 2071, we have cstilnatcd

t}lc scattered starlight for NGC 2071, to show that while  the visual emission is primarily

scattcrcd  starlight,,  tllc infrared c]nission  is well in cxccss  of tile c.xpectcd  scattered starlight.

\Vc prcclictcc] tllc alnount  of surface brig}ltness,  S’, of scattered starlight, relative to the

Stc’llal’ flux,  l’t~ at , using  the modd  of Witt (1 985a), and assumed that all of the observed

ncbu]ar  cInissioIl  at V is due to scattered starlight, ~’he prediction for the color of S/J~La,

betweell two wavc]cngths  ~, ant] AZ in lkluation  2 of l~itt (1985a) is

(s/l&)/\, = _____ _—--- - -–-LJ(A1) [1 -- Cv”q exp[T~(A~) -- T~(A, )]

(s/&ar)J2 LJJ(A2)  [1 – c–7”(~2)]  cxp[T2(A2) – T](A?)] ))(A], A2)’
(1)

wllcrc  TO(A) is tl]c  optical dc])th  along tllc observed lillc of sight  t]lrough the nebula, TI(A)

is tile  optical dcptl) from tllc star to the nebular position observed, ~2(~) is the nebular
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optical clcpth  from the star to the observer, u(A) is

depends 011 the nebular geometry and the wavelengt

he albedo,  and p is a factor whick

I depenclcncc  of the phase function

asymmetry. We set T 2 == 0.57., 7-1 = O, and p = 1 for simplicity. \l~ith  these assumptions,

the rmults  arc not sensitive to the adopted value of 70 as long as it is not much more than

1, the regime in which the approximations macle by Witt (1 985a)  break down. We adoptecl

the cxtillctio~l  law of Mathis (1 990). ‘1’heorctical  and obscrvatio]lal  estimates of u(K) range

from 0.21 to >0.8 (l)rainc  & I,ee 1984; Kim, Martil],  & IIendry 1994; Witt ct al. 1994).

WC have acloptcd  two values for w(~), a low albcdo  value  (I)raine & l,ee 1984) and a high

albedo  value in which the albcclo is independent of Ivavelength  fmln 0.44 to 3.8 pm. We

calculated the prcdictccl scattered light with both high and low values  of the albedo.  Our

resu]ts  arc shown ill l“igurc  1, which demonstrates t}lat at wavelengths longer  than 1 ~~]n

sca.ttcrcd starlight is not a significant contribution

for either assumption about the albcclo.

0 the observed emission of NGC 207:,

4.2. N e b u l a r  C o l o r s

‘1’l)e colors of LIIC mflcction nebulae are all very similar, in close agrccmcut with the

e])crgy  distribution of the ncbu]ac  whose observations are presented in }’aper  I. In l’igurc

~ ~~~e s})o~r  a, l)lot of J – ~) VS. }] – ]{ for the nebulae, to i]l~lst,  rate t]lcir s imilar i ty aIllOIlg

nebulae. All ncbu]ar positions for which we have J -- H and Ii -- 1{ colors arc plottcc].

Nebulae  in which the 3.3 pm feature was detected arc shown as fillet] circles, while nebulae

i]] which tllc  3.3 ~~m feature was not searched for, o] scarc}lcd  for and not clctcctcd, arc

shown as opcIl circles. We also show the colors of tllc central stars, with opcu stars for

IlorIllal  stars a]ld filled stars for stars with emission lines and tl)us  a probable infrared

C’xcc’ss.

‘ITIIc reflection nebulae  all llavc near infrared colors redder thaII  their  illuminating stars,
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with the exceptions of All Aur, vdl] 10, and NGC 1999. These ]Lcbulae  arc the bluest

Ilcbu]ac  in l’igure 2. ‘1’hc remaining nebulae ill Figure  2 all have  infrared colors which are

typical of the three reflection nebulae studied in Papers 1 and 11, and which characterize

ihc energy clistribution  of tiny  grain and/or PAH col]tinuum  clnission.  l’hus  l,hc three

reflection nebulae studied in l’apers  I and 11, chosen for their high surface brightness, are

very rx:presclltative  of t}le  larger sample of reflection llebulac studied in the present paper.

A dcterlnination  of the typical V – K color of reflection nebulae dolnillated  by tiny

grain alld/or 1’AII emission is useful  for estimating the expected illfrarcd  surface brightness

of reflection nebulae for which only optical observations exist, 01 the expected visual

surface brightness of reflection nebulae for which onl~’ infrarccl  observations exist. We

llavc constructed V – K colors for the nebulae: for wliich  visual surface brightnmses  were

available at positions near the positions observed in tl]e  near infrared (Racine 1971; Witt

1977 ;  Witt & Cottrell  lWIOa; Cottrell  1981; Wittj Scllild,  & Kraiman 1984; Witt 1985b,

1986; \Vitt & Schi]d  1986; Witt ct al. 1987). In F’igurc 3 wc plot tllc  V – K color of the

nebu]a,  ( V – I{),,  cl, , vs. the observed V – K color of the central star, (V – 1{),~.,  . As

in I?igure  2, all nebular positions with V –- K colors are p]ottcd,  with nebulae in which

the 3.3 pm feature was detected shown as filled circles, and nebulae in which the 3.3 pm

feature was not  searched for, or searched for and Ilot clctccted, shown as open circles. Note

that the observed stellar V – K color is sometimes considerably redder than expectecl  for

tl]e observed 1~(11 – V) and spectral type, because several stars ill our nebulae are Hcrbig

Ac/llc stars with intrinsic infrared excesses (E]ias  1, V380 Ori, star A in }’arsamyan 18, 111)

200775, and 111) +65 1637). ‘1’he nebulae with dctccl(:d 3.3 pm elllission  features all have

(V – A’ ),,ck, > 1.7, independent of (V – K),,~, . NGC 1999 and 23 ‘~’au have significantly

~)]uer (v – j{),,C~ colors  colnparcd  to tile  llcbu]ac wit])  dctccied  3.3 ~(]n f ea tu re  emiss ion .

4.3. S c a t t e r e d  S t a r l i g h t
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Thc fact that NGC 1999 has near infrared colors significantly l.)lucr  than its illuminating

star, and that AI? Aur and vd13 10 have near infrared colors similar to their illuminating

stars, suggests the possibility that in these particular sources the near infrared emission

cou]cl  have a reflected starlight co]nponent.  ln Paper IV the near infrared colors of the

reflected starlight componcmt  in NGC 7023 were observed tc) bc extremely blue compared

to tllc  colors of the illulninating  star, consiste~kt  with predictions for Rayleigh scattering in

an optically t}lin ncbu]a: A(tl — 11) = —1 .21 and A(1I — K) = —1 .25, where the difference

is in the sense  of the color of the nebula minus the color of the star. If we adopt a Mathis

(1990) extinctio]l  l a w ,  t h e n  l~quation  1 preclicts  A(3 - 11) =  - 0 . 7 9  a n d  A(I1 - 1{) =

– 1.03 for a low infrared albcdo  (from IIraine & Lcc 1984), and A(J – 11) = –0.51 and

A(}1 – A’) = –0.53 for a high infrared albedo (albedo  independellt  of wavelength). NGC

1999 is olxwrvccl to have A(J – H) = –0,77 and A(ll – 1{) = ---0.84, colors which arc

within the range of predictions fc~r purely  scattered starlight in an optically thin nebula,

‘1’hc re]ativc  amount of visual and near infrared nebular emission, as measured by a

color  such as V – 1{, is another mc:asure  of the relative inlportal]cc  c)f scattered starlight and

cvnissioll froll~ tiny grains al)cl/or  I’AH molecules. ‘1’hc obscrvecl  V – 1{ color of the central

star, (V – A’)s,a,  , clepcnds  on the reddening of the star, which for lnany nebular geometries

is silni]ar to the rcdclmling  of the nebula, and on 7~t~T. The observed nebular V – K color,

(V – K),,ctj , dcpmlds on (V – K)st~, , on aIly diffa-cntial  reddening between nebula ancl star

which is usually much s]naller than the total rcctdeniligj  and on tl]c  relative contributions

of scattered starlight ancl el~lission  from ti]ly  grains aIld/or  PA]]  TI1OIC C U1CS to the infrared

rlnissio~l.  Si~lcc  tl}c~ visual llcbula~  emission is entirely duc to scattcrccl starlight, t}lc  V – A’

color s] IoLI]d be s~~la.]lm for nebulae with infrared emission due only to scattered starlight,

and larger for nebu]ac  with both  excess  infrared emission and illfrarccl  scattered starlight.

Wc IIavc clrawn lines  0]1 l“igure  3 for (V – A’)neI, as a function of (V – K).tar  for

scattcrccl star] iglltj  as prcflictccl  by ]tquation  1, for follr  simple cases: (1) ~O(A’)/~~(V)  = 1
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and w(K)/w(V) = 1 (optically thick nebula, high albcdo  grains); (2) To(K) /To(V) = 1 and

u(l{)/u(V)  = 0.38 (optically thick nebula, low albedo  grains); (3) To(K) /TO(V) = 0.11 and

w(l{)/ti(V)  = 1 (optically thin nebula, high albcdo  grains); and (4) TO(K) /TO(V) = 0.11 and

u(A’)/u(V) = 0.38 (optically thin nebula, low albedo  grains). l“or optically thin nebulae

tile  value of To(K) /To(V) is from Mathis (1990), We ]Jredict  (V -- A’),,,b – (V – A’),ta, =

0.00, –1.06, –2.42, al~d –3.49, respectively for Cases (l), (2), (3),  a]ld (4). Nebulae with

1{ cnlissioll  in excess of scattered starlight fall above and to the left of these lines.

All of the nebu]ac  with detected 3.3 pm elnissiol]  in l’igure 3 (shown as filled circles)

fall above and to the left of the lines for Cases  (3) and (4), and most fall above and to the

left of the line for Case (2), Note that the measurements of scattered starlight in NGC 7023

froln  the polarization results of l’aper IV fall between the lines for Case (2) and Case (4).

NGC 1999 also falls in this region, again suggesting its 1{ elnission  is primarily scattered

starlig}lt  from an optically thin IIebu]a.

Surface brightness measurements at V are not available for nlany of our reflection

llcbu]ac, particu]ar]y  those il]uminatcd  by coo]cr  stars, and wc c]id not obtain near infrarec{

colors for ncbu]ac  which we did not detect at 1{. Wc therefore lnakc an cstilnatc  of

tile  surf am brightness  of scattcrcd  star l ight  at A’, S,cf(cst),  ill order to compare our

IIlcasurenlcnts  of and upper  limits on the observecl  A surface brlgl~tncss,  SObS ,
. , for our entire

saml)lc  of reflection nebulae. The surface brightness of an optically thin reflection nebula

(1’a])rr  IV) is
~ u F,tar ]I(g, 0) s i n2  O

‘5’—~ ref =

47r $2 — (2)

in this equation, ~ is the extinction optical depth,  w is the grain albcdo,  J’,La,  is the observecl

flux of tl]e star, al)cl  ~J is tile  allgular  offset between star and nebula. ‘1’hc star ancl  nebula

are assulllcd to bc rcddenec]  by t]lc satne amount in t]lis equation. ‘J)}IC angular clcpmdcnce

c)f scattering is charactmizcd  by the phase fullction  IJ(g, t9), where g = < cos d > is the



phase asyInnldr  yparameter  and O is the

is given by llenyey  & Greenstein (1941).

respect to the scattcril]g allglc  al]d phase

-. ]/)-

scattering angle; the fullcticmal  form of 11

‘l’his surface brightness, when maximized

function (Scllgren 1983), becomes

(g, (?)

with

(3)

I ‘1’hus SOt,,/S,er(est)  > 1 is a clear indication of nebula] emission froln  something other than

rcflectcd lig}lt.

\Vc use two techniques to estimate a value of ~(li) to use ill Equation 3. First wc usc

the value of Av(T2cb) derived in l’aper III, which is all estimate of T(V) for each nebula

calculated from the amount of starlight incident on tile nebula which is reradiated in the

far infrared. Second wc usc Kcluation  3 combil~cd  witl] visual observations of reflected light

(I{acinc  1971; Witt 1977; Witt & Cottrell  1980a; Cottrell  1981; Witt, Schild,  & Kraiman

1984; Witt 1985b,  1986; Witt & Schilcl  1986; Witt ct al. 1987) to estimate T(V) for each

nebula. ‘J’lIc  value of T(V) was calculated fro~n visual observations at, or very near, each

n)casured  infrared position. I{’or IC 5076, we extrapolated data at of~sets  of 50” and 100” to

a radius of 42”. WC then LISC a standard extinction CUI ve (Mathis I {NO) to estimate ~(]{) ==

T(V) / 9.29. WC adopted a high infrared albcdo,  i.e. assumed tllc  altxdo was indcpcndcnt

of wavelcl@h, Our estimates of 7-(1{) are given in Tal)le  6.

We plot,  our derived values of SO~,/S,.f(est)  vs. 7L~, in 1{’igure 4. All nebular positions

with  1{ data and an estimate of T(V) arc shown. If Illultiapcrturc  data were not able to

dclnonstratc  t}lc  1{ emission is extended, that detection was treated as an upper limit.

Nebulae ill which  the 3.3 ~~n~ feature was clctected  arc shown in l’igure 4 as filled  circles,

while  nebu]ac  ill which  the 3.3 pm feature was not scarchcd  for, or scarchcd  for and not

dcte.ctcd, arc shown as open circles. Open triangles mark the reflected light measurements

in NTGC 7023 (1’aper  IV). We plot two indepelldent  points for Ilcbulac in which there were

both II{AS estilnates  of Al(ncb) from Paper 111 ancl visual surface p}lotomctry  of t}le
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l]ebula  froln  which to estimate T(V). ‘1’llese estilnatcs  agree to a factor of 3 on average,

which provides an estimate of our uncertainty in T(V).

1{’igurc 4 SIIOWS  that most nebulae have an observed 1{ surface brightness which

is above tllc expected amount of reflected starlight we have estix]latcd.  ‘l’he only 1{

surface brig] ltnesscs  low enough to be consistent with purely scat{ercd starlight arc the

]Ilcasurelnellts  of NGC 1999 and the upper limits on ~rdB 35, VCIH 101, and vdB 135. The

observed surface brightness of rcflectcd light in hTGC 7023 ( Paper I\’) is also consistent

with the expected surface brightness of reflected light, which is a check  on our technique.

IC 5076 and Ccd 201, whose upper limits correspond to high 1{ surface brightnesses,  could

IIavc A’ surface, brightnesscs  which are lower than our upper limits, and thus wc cannot rule

out tllcsc  IIcbulae  having 1{ surface brightnesscs  which arc also consistent with being due

to scattcrcd  starlig}lt.

W C collc]udc  that t}le 1{ extended emission we detect is CIUC to something other than

reflected starlight in most of our nebulae. While the 1{ surface brightness of NGC 1999 is

consistel]t  with predicted levels of scattered starlight, all of the remaining sources dctectcd

at K arc strong candiclatcx  for tiny grain and/or PA]]  emission at 1{.

4.4. The  3.3  ~~m fea tu re

Al] of the sources where the 3.3 pm feature was detected arc characterized by 1{

surface brightnesses  which exceed those predicted for reflected light, (1’igs. 1, 3, and 4), and

by si~llilar Ilcar  infrared energy distributions (1’ig.  2), independent of l~ta,  .

]Ioth the 3.3 pm feature-to-corltill~l~llll ratio, and  the diffcrcllcc  bct,wccn  A’ and the

lnagllitucle  at 3.3 ~{m, S11OW  a silni]ar rauge of values for all the sources in which the 3.3

//Itl feature was cletectcd. ‘]’his is illustrated i]] I’igure  ,5, which  shows these two quantities
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plotted vs. 7Lta, . All nebu]ar positions with measurelnents  at these wavelengths are shown.

The 3.3 pm feature-to-contilluunl ratio was derived by interpo]atillg  a continuum between

the 1{ and l.’ col]tinuum  measurements, and so is not calculated for nebulae for which there

is 1)0 1,’ detection.

l~igurc 5 shows that  while the 3.3 pm feature-to-continuum ratio has a similar range

of values  for all sources ill which the feature was detected, there is also a significant scatter

in this ratio, ]argcr than the observational uncertainties. The 3.;3 pm feature-to-continuum

ratio varies from ~3 to 4, with a median of 5.3 and an average of 5.7.

It is possible that some of the variation in the 3.3 pm feature-to-continuurn ratio is

due to tllc  1{ emission being due to a mixture of tiny particle elllission  and some other

mechanism such as scattered starlight or molccu]ar  hydrogen emission. q’his  would cause

the continuum at 3.3 ~fnl  to be overestimated, when interpolating between 1{ and L’, and

thus the 3.3 pln feature-to-continuurn ratio to be ulldercstimated,  ‘JIO investigate this

furtllcr, wc have plotted in F’igure 6 the 3.3 ~~m fcatllre-to-colltil~  ll~llll  ratio vs. 1{ – I , ’ .

All nebular positions with measurements at these wa~’elengths  arc shown. If the variation

i]) the 3.3 ~{nl fc:attlrc-to-  colltillu~lI~l  ratio is due to contamination of the 1{ elnission  by

processes other than t})c tiny particle emission which dominates the 1,’ emission, then we

would expect higher values of the 3.3 pm fcat~lre-to-tolltin~l~llll  ratio for larger values of

A’ – 1.’. No such trc]ld is seen in Figure 6; t}lere is no correlation observed between the 3.3

p]]l fc~at(lrc-to-colltil~~  l~ll~~ ratio and 1{ – 1,’.

Al)otllcr possible explanation is that the lnaterial  which emits the 3.3 pm feature is

IIot identical to the material which emits the 3 pIn  continuum. Onc example of this is

tllc 3.;3 ~~nl fca.turc  al]d tile ullclcrlying  continuum being due to different ranges of a size

distribution of aromatic particles, but both groups of particles being excited by similar

photon cllcrgics. l’or instance, t}lc  feature might be due to vibrational fluorescence of PAII

—
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molcculcs,  and the COIltiIIUUIll  due to electronic fluorescence of amorphous carbon grains

or I’All  clusters. In this case, we would expect to sec generally silni]ar values of the 3.3

~[m featLlrc:-to-col]  tiIlllu]]l  ratio in regions of tiny particle emission, as the particle size

distribution is cxpcxtccl  to be similar throughout the interstellar medium, but significant

variations in the ratio could bc caused by slight ]nodifications  of the particle size distribution

by local co]]ditions. SUCII variations in the 3.3 pm feature-to-continuum ratio might be

uncorrelated  w~th any changes In the mean photon energy (l~tar ) or shape  of the continuum

eI]lissioll (A’ – 1,’), as is seen in F’igurcs 5 and 6. ‘1’hc lack of correlation between 3.3 pm

fcat~lrc-to-coIltiI  l~ll]I]l  ratio and 7& (Fig. 5), however, suggests that the observed variation

in tl]e  3.3 ~m] feature-to-continuum ratio is not due simply to diflercnlces  in the required

excitatioIl  e]]ergy  lxtwce)]  the feature and its mlderlyiug  continua]]].

4.5. The  e f fec t  o f  the  t empera tu re  o f  the  i l lumina t ing  s t a r

OIlc goal of the observations presented in this paper was to test the proposals that

tile near infrared continuum emission and 3.3 pm emission was due to thermal emission

froln  til]y grail]s  stochastically  heated by individual [IV photons, as proposed in Papers I

and 11, or due to vi bratiolla]  or electronic fluorescence from 1’AIIs exc.itcd  by UV radiation,

as })roposed by l,d,ger &L l’ugct  (1 984) and Allamandola,  ‘1’iclens,  S’ l)arkcr (1 985). ‘l’he

origi]la]  tl)rec visual rcfle,ctiol~ nebulae whose observat  ions are prcsellted  in })apers  I and

11 had cclltral stars with 7~ta,  = 18,000-22,000 K. Since  the fraction  of stellar luminosity

available as lJV p]lotons  is a strong function of spectral type, we hoped by extendiug  the

sam])le  of visual reflection nebulae to hotter alld  cooler illuminating stars that we would be

able to test tllc  lJV excitation hypothesis directly.

1]) l’a]mr  111 IRAS surface pl)otolnctry  of visual reflection nel)ulac was usecl to study

I)OW tl)e tiny grail]  or 1’A}I c]nission  d e p e n d s  o u  !l~~a, ‘l’he ratio of surface brightnms  at
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12 pm to the surface brightness at 100 ~~m, 112/110(,,  ;vas used as a measure of the relative

amount of stellar energy absorbccl  and re-racliated  by tiny grains alld/or PAIIs (at 12 pm)

and by large grains in equilibrium with the stellar radiation field (at 100 pm). It was founcl

that  112/ 1100 is independent of 2’~ta, for 5,000 K < 7~t~, <33,000 K. This is inconsistent with

excitation of the 12 pm emission by UV radiation alone, but is consistent with the 12 pm

e]nission  being cxcitcd  by photons with wavelengths ranging from 0.1 to 0.7 pm. Because

1’AIIs  absorb  lnost  strongly at wavelengths <().4 pm (Crawford, ‘1’ielems,  & Al]amandola

1985; l,6gcr  et a l . 1989; Allamandola, ‘1’ielens,  & Barker 1989), tl~c rcsu]ts of Paper III

suggest that  tllc 12 ~f]n I1i AS emission is not due solely  to free-flyillg I’AII molecules.

‘1’he observation that 112/lloo is independent of ~~(a, (Paper 111) does not rule out some

contribution by 1’AII molecules to the 12 pm cvnissioll,  but does SIIOW that there must be

at least one component to the 12 pm emission that at.worbs over a wicler range of UV and

visual wavclcl]gths  than the narrow range of wavelengths at which I’AI Is absorb. ‘1’he IRAS

12 ~~m band  covers  8.0- 14,9 pm (l~’Wll  M, from lRAS Explanatory Supplement)  ancl so

can include elllissioll  from scwcra]  components: strong emission features at 7.7, 8.6, and

11,3 pm; a weaker emission feature at 12,7 pm; a p]at cau of elnissioll  at 11-13 pm; and

continuum emission throughout the filter (SCC Allamalidola,  ‘1’ic]ells, &n Barker 1989 for a.

review). l{ochc,  Aitlmn, & Smith (1 989) and l~regmall  et al. (1989) observe that the 11.3

~fn] emission has a clifferent  spatial distribution in the orion l~ar than the nearby continuum

emissio~ll indicating these arise from distinct compo]lcnts  of the illterstel]ar medium.

l;rcg]lla]~ et al, (1994) find that images at 3.3, 8.4, a)ld 11.3 pm of tllc  Orion Bar all look

difremlt, again supporting the idea that different components arc res])onsible  for emission

ill diffcrcult features. Al]amandola,  g’iclcns,  & Barker ( 1989) have idcr]tified  emission from

1’AIIs, I’All  clusters, and amorphous carbon grains as contributillg  to different emission

colnponcllts  SCCI)  in the IRAS 12 pm bancl. ‘1’hus the rcsu]ts  of l’aper 111 could bc consistent

~vith I’All IIlolccular  emission contributing to tile 12 pm lRAS emission, as long as there is
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also OIIe or more other  materials, such as PA]< clusters or amorphous carbon grains, which

am able to absorb  over  a wide wavelength range in the visible and  UV and emit within the

]2 pm IllAS band.

If the cxtcndcd  near infrared emission, in excess of reflected light, is due to some sort of

lloll-ccl~lilibri~lll~  thermal cxnission from tiny glains  (Paper II), t]lcn  it would be interesting

to search  for tmnpcrature  differences between nebulae with diflercnt  values  of 7LL~,  . ‘l’he

best indicator of tiny grain temperature should be K – L’, bccausc  the excess infrared

emission  is stronger, relative to any reflected light component, at longer wavelengths

(Sellgrcn]  ct al. 1985; Papers 111 and IV). If instead t}le emission is due to UV fluorescence

from 1’A]Is (I,dgcr  ancl l’uget  1984; Allarnandola  et al. 1985) then A’ – 1,’ is an indicator of

whether tl]c  emitted fluorescent spectrum changes with excitation. l~igure 7 shows J — l],

11 – K, and A’ – 1,’ plotted vs. l~t~, . All nebular positions with measurements at these

wave] cngths  arc shown. ‘J’here is no evidence for changing  J --11, 11 – K, or J{ – 1,’ color

with 7~La,. ‘1’hc ncbu]ar  offsets for the near infrared data (~42”)  and the lRAS data from

l’apcr 111 (N] 80”) were  too different for a comparison of the near and mid infrared data.

WC do not sec any dependence on l~~a, for either the 3.3 pm feature-to-continuum ratio

or the 1{ – 1,’ color among the stars for which we hate such observations (Figs. 5 and 7),

over  a factor of two  rallgc in ILtar . ]n Paper 111 we found that the nebulae illuminated by

tile coolest stars ill our sample provided the llecessary range in 7~,~, to rule out the IRAS

12 p]n emission being due purely to PAH molecules. WC would have liked to extend our

observations of the 3.3 pm feature-to-continuum ratio or the 1{ --- 1,’ color to even lower

values  of l~tar , }~ui, wc found that the visual reflection nebulae Jvith hig}ler 1{ surface

briglltllcsses  were  largely confined to the hottest illulllinating  stars i]} our sample. We did

not have enough sensitivity to obtain near illfrared colors and 3.3 ~[nl spcctrophotometry

ill visual rcflectio~] llebulac with 1{ surface brightncsses  below 0.3 h4Jy  sr-l. ‘1’hus our

observations currcnt]y  do Jlot have enough range in ~~tar to cm) fir]n or rm]c out models in
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which the near infrared continuum emission or 3.3 pm emission is due to PAH molecules.

“J’his  test must await more sensitive observations, such as may be possible from 1S0, SIRTF,

or IIU’S.

5. S u m m a r y

Wc have extended tile observations of Papers I and 11, to a survey of near infrared

mnission  in a total of 23 visual reflection nebulae.  l<ktended  near infrared continuum

emission at 1-5  pm and emission from a spectral feature at 3.3 pIn  in the three visual

reflection llcbu]ae studied in Papers 1 and II has been attributed to either  thermal emission

from stochastically  heated tiny grains (Papers I and 11) or to vibrational or electronic

fluorescence from polycyclic  aromatic hydrocarbon (PAI1)  rnolcculcs  (L6gcr  & Puget 1984;

Allamando]a, ‘1’ielens, & Ilarker 1985, 1989). Our new observations report on a search for

extended 2.2 j~m emission in visual reflection nebulae illuminated by stars with spectral

types ranging from 09.5V to M 1 IIlc.

We have dctectcd  extended 2.2 jtnl  emission, aftel  correctioll  for instrumental scattered

light, in 16 out of 23 nebulae studiccl,  illuminated by stars with spectral types ranging from

09.5V to l~51ab. l~or most of these 16 nebulae we have measured J -- K, 11 – K, and 1{ – 1,’,

as well as obtaining surface brightness measurements of the 3.3 pIII emission  feature. we

usc several approac}lcs  to predict the 1{ surface brightness of scat  tercd starlight in these

llcbulaej in orcler to determine whether our K surface bright  nmscs are consistent with, or

in excess  over,  scattered starlight. ‘1’he only source wllicb  has llcar  infrarecl  colors  and a 1{

surface brightness consistent with being duc primarily to scattered starlight is NTGC 1999;

the rclnailling  sources with extended }{ emission arc all consistent with some or all of their

illfrared  clllission  being duc to tiny grains and/or PAIIs.

All of the ref]cction  llcbulae with cxtenclcd  near infrareci  emission ill excess over
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scattcrccl starlight have very similar near infrared colors and show the 3.3 pm feature

in emission with similar feature-to-continuum ratios. The three reflcct,ion  nebulae

previously studied in Papers I and II, while having high surface brig} itncsses, arc still very

reprcscntativc  of our larger sample. The 3.3 pm feat~llc-to-co]  )til~lllll~l  ratio ranges from N3

to N9,  both within individual ncbu]ae  and from nebula to nebula; this variation does not

appear  to depend on 7&a, or K –- 1.’. One possible explanation for this is that the 3.3 pm

feature and its ul]derlying  continuum arise froln  different materials, or from different ranges

of sizcx within a size distribution of particles. No de]jendence  on 7&a1 is seen in the near

infrared colors or 3.3 pm feature-to-continuum ratio, over a factor of two  range In l~tar .

WC do not have the sensitivity at present to obtain a wider range in

or not this is in conflict with models of tiny grain or I)AH eInissioll.

nlay be able to make t}lcsc tests with l]ighcr  sensitivity in future.
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TABI,E 1

Characterist ics of  Nebular  1 laminating Stars

V(II)

No.a

10

16

17

22

. . .

Nebula

Name

. . .

. . .

NGC 1333

McrcqxI Ncbu]ab

IC 359

. . .

. . .

NGC 1999

N(; C 2023

Ic 435

NGC 2068

NGC 2071

. . .

. . .

l’arsamyan 18b

Star

Name

111120041

111)+29  565

1)1)+30  549

23 ‘J’aub

llias 1 b

Al; Aurb

III) 34033

V380 Orib

111) 37903

111) 38087

111) 38563N

111) 290861a

111) 42261

131)--6  1444

star A

v

5.81

9.16

10.47

4.18

16.2

5.97

8.66

10.22

7.82

8.30

10.56

10.14

9.18

10.82

13.21

Spectral

E ( B  –  v )  ‘J’ypc

0.71

0.30

0.60

0.09

1.3e

0.53

0.13

0.70

0.36

0.35

1.42

1.25

0.41

0.63

1.26

Y ;~ar

(K)c Ref.d

9,400 1

7,000 1

11,000 1

12,000 1

8,100 2, 3

33,000 1

4,900 1

9,500 1, 4

2Q,()()() 1

18,000 1

19,000 5

19,000 !5

18,000 1

13,000 1

19,000 6
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T A B L E  1 ,  C o n t i n u e d

Charac te r i s t i c s  o f  Nebu la r  Illunlinating  Sta rs

Vdll

~o.a

101

111

133

135

137

139’

146

152

Nebula

Name

. . .

. . .

. . .

. . .

Ic 5076

NGC 7023

NGC 7129

cccl 201

Star

Name

1111146834

111) 156697

111) 195593

1]1)+31  4152

111) 199478

111) 200775

1)1)+65 1637

111)+69 1231

v

6.35

6.50

6.19

8.43

5.69

7.39

10.15

9.29

E(B -- v) T y p e

0.33

O.llf

0.6.5

0.40

0.50

0.44

0.67

0.21

(a) Number in rcf]cction  nebula catalog of van den Bergh

(b) Othcr designations: h4eropc  nebula = NGC 1435;

‘1’au; All Aur = }11) 34078; V380 Ori = 1]1)–6  1253 ;

1966).

(K)c I{Cf.d

5,000 1

7,000 1

6,800 1

3,600 1

10,000 1

18,000 1, 7

21,000 1

10,000 1

23 ‘l’au = HI) 23480; Flias 1 = V892

‘arsamyan 18 = NGC 2316 .

(c)  ‘1’mllpcraturc  of central s~ar, 7&a,, derived from sl)ectral tyl)c  using calibrations of

])anagia (1973) for 113 and earlier stars and Johnson ( 1966) for the mnaining  stars.

(d) Rcfcmlccs-  (1) Racine 1968; (2) Elias 1978; (3) CTohen & Kulii  1979; (4) IIerbig  1960;

(5) Stroln  et al. 1975;  (6) see note (g) to this ‘l’able; (’i’) Witt & Cottrc]l  1980b.

(c.) J;(IJ - V) for ltlias 1 derived from B - V D 1.5 (Illias 1978) and adopting (1J - V)O =

0.17 for A6V (Johnson 1966).
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(f) JJ(ll – V) for HI) 156697 derived from B -- V = 0.41 (Racinc  1968) and adopting

(l) - V)O = 0.31 for FOV (Johnson ]966).

(g) l’arsamyan 18 contains a H2- 3 star which excites a compact 1111 region  (1,6pcz et al.

1988). I,6pcz  ct al. (1988) suggest that the two condensations visible in Parsamyan 18 arc

Ilot stars but rather knots of nebulosity  due to light rcfiected froln  an obscurccl  11 11 region,

‘1’IIcsc  two colldcllsations,  however, have stellar spectra and arc I]ot identical; the northeast

component, star A, is a R emission line star , and the southwest colnponent  is an A–1~ star

(Ilulnphrcys  1985; Strom 1985). It seems reasonable to identify star A with the exciting

star of the 11 11 region, giving a spectral type of ~2- 31’. Star A has  V = 13.21 and B — V

== 1.04 (I]umpbrcys  1985), which was combined wit}l an assumed (D – V)O = –0.22 for

132.5V (Johnson 1966) to clcrivc 1;(B – V).
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‘I’ABI,E 2a

2.2 pnl Surface Brightness of  Reflect ion Nebulae

S. (MJy sr-  1 ) at G~vcn Nebular Offsctb

Name A p“ ~()”]~ 30”N 30”~; 30”S 30”W  30”N 30”W  30”S

V(III 10 6.2” . . . . . . 2.02 . . .

i: 0.12

7.7’” 2.15 . . . 1.73 <0.42

* 0.27 + 0.20

10.5” 0.23 . . . 1,64 . . .

+ 0.07 3:0.12

Vclll  16 1 0 . 5 ” <0.16 < 0 . 1 0 <0.12 <0.08

Vd}) 17 8.2” < 1.36 3.26 . . . <2.89

:i 0.87

Vdl) 22 10.5” <2.75 <0.27 < 0.37 0.31

+ 0.05

19.6” . . . . . . . . . 0.35

+ 0.09

l~lias 1 6. 2“ <0.69 . . . . . . . . .

10.5” <0.68 ,.. <0.08 <0.13
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T A B L E  2 a ,  C o n t i n u e d

2.2 pm Surface Brightness of Reflection Nebulae

S. (MJy sr-l) at Given  Nebular Offset~

Name Apa 30’’]~;  3 0 ” N  30”1j 30”S 30”w  30”N 30”\~ 30”S

vclIl  34 6.2” . . . 0.27 . . . . . .

+ 0.05

10.5” 0.47 0.51 < 0.55 . . .

+ 0.06 d: 0.05

19.6” . . . 0.34 . . . . . .

:1:0.04

\T~]) 3 5  ]oo5/~ <0.51 <0.06 <0.10 <0.11

Vdll 46 6.2” . . . . . .

10.5” <0.46 0.29

:E 0.03

V(11] 57 6.2” . . . 0.33

i 0.07

10.5” . . . 0.43

+ 0.05

\,(]]) G() 6.2” . . . 6.14

+ 0.35

10.5” 5.09 5.52

+ 0.34 + 0.31

0.45

+. 0.13

0.45

+ 0.05

. . .

. . .

. . .

1.41

+ 0.08

. . .

0.21

+ 0.04

. . .

. . .

. . .

5.13

+ 0.29
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T A B L E  2 a ,  C o n t i n u e d

2.2 prn Surface Brightness of  Reflect ion Nebulae

S. (MJy Sr- 1 ) at Given  Nebular  Offsetb

Nal ne

V(]}) 72

V[lll 74

V(n) 101

\,(]]] ]]]

A])a

6.2”

10.5”

10.5”

7.7”

6.2”

7.7”

30”1; 30”N 30”1~  30”S 30”W 30”N 30”W 30”S

. . . . . . . . . 1.84

+ 0.14

,.. . . . . . . 1.78

0.67 . . . . . . . . .

+ 0.08

0.57 0.54 . . . 0,47

+ 0.05 + 0.09 * 0.09

0.47 . . . . . . . . .

+ 0.07

<0.32 <0.15 <0.13 <0.18

. . . 0.22 .,. . . .

& 0.03

. . . ().22 . . . <0 .03

+ 0.02
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T A B L E  2 a ,  C o n t i n u e d

2.2 pm Surface Brightness of  Reflect ion Nebulae

SV (MJy Sr- 1 ) at Given Nebular Offsetb

\,(]]] ] 35

V(I1I 137

A pa

6. 2“

8. 2“

10.5”

19.6”

7.7”

6.2”

10.5”

30”1] 3 0 ” N  30”)j 30”S 30”w 30”K 30”w  30”S

<4.71 . . . . . . . . .

<2.49 < 3.21 < 3.36 < 3.10

2.14 < 0.24 < 0.2s <0.25

2.82 . . . . . . . . .

Zt 0.35

<0.37 < 0.16 . . . 0.65

* 0.09

. . . . . . . . . <0.28

<0.12 . . . <0.14 0.39

+ 0.09
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‘TABLE 2a,  Continued

2.2 pnl Surface Brightness of  Reflect ion Nebulae

S’v (MJy sr-l ) at Given Nebular Offset~

Nanlc Apa 30’’1’: 30”N

Vcll) 146 6.2” 1.36

* 0.13

8.2” <2.66

9.211 0.92

10.5” 1.14

& 0.09

~,c{]]  ]52 8.2” < 1.96

30’’]; 30”s 30”\y  30”~ 30”\y  30”s

. . . ,.. . . .

3.14 . . . < 1.41

+ 0.60

. . . . . . . . .

,5.24 2.08 . . .

i 0.32 + 0.12

<2.15 < 1.47 <0.79
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TABLE 2b

2.2 pnl Surface Brightness of  Reflect ion Nebulae

Nebular OfT’set~ s,, (2.2 pm)

Name Apa

vdlj  17 6.2”

8.2”

8.2”

10.5”

vdl~ 22 8.2”

8.2”

10.5”

10.5”

10.5”

ltlias 1 8.2”

8.2”

vdl) 52 10.5”

10.5”

10.5”

vdll  59 1 0 . 5 ”

Vcll) 60 8.2”

A&

20”s

OIIN

(),IN

20”s

()/lN

OIIN

557”s

135”s

125”s

ollN

o//N

‘10”s

~olls

~ollN

.~()”s

o//N

(MJy sr-’)

1.12

<2.72

<3.94

1.24

<2.73

< 3.24

<0.27

<0.09

0.09

<3.12

<4.31

,523

6.59

2.81

1.57

4.47

k 0.14

& 0.07

& 0.03

i 0.73

* 0.91

+ 0.32

+ 0.09

i 1.03
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T A B L E  2 b ,  C o n t i n u e d

2.2 prn Surface Brightness of  Reflect ion Nebulae

N e b u l a r  offsetb  SV (2.2 pni)

l)arsalnyan  18 6.2”

6.2”

6.2”

6.2”

6.~ft

10.5”

10.5”

6.2”

6.2”

8.2”

g,yl

10.5”

10.5”

Vdl]  133

12“W

] 21!W

oll~

oll~

12”E

15“W

12“W

goll]j

30ff]]

30”W

30”13

20//]<;

301J];

A6

ollN

12”N

] 2“s

12”N

OIIN

OIIN

12“N

3011N

2011N

OllN

OIIN

30”N

2(-JIIN

(NIJy  S]-’)

7.13

3.~g

7.46

6.(M

2.19

5.4’1

3.79

<4.70

<4.68

< 4.51

< 3.95

]c~~

1.07

+ 0.92

+ 0.35

* 0.81

& 0.67

+ 0.36

+ 0.34

+ 0.42

+ 0.32



-- X3

T A B L E  2 b ,  C o n t i n u e d

2.2 j~n~ Surface Brightness of  Reflect ion Nebulae

N e b u l a r  Offsetb SW (2.2 pm)

Name A])’ Aa

\,(i]) ] 39 6 . 2 ”  52”W

6.2”  44”W

6 . 2 ”  35”W

6.2”  30”W

6.2” ofl~j

1 0 . 5 ”  30”W

10.5” ofl~,;

10. G” oll~

10.5” ()’qj

10.5” 0“11

\,(l]; ]4~ 8 . 2 ”  30”W

8.2” 3(yl~

Vd}] 152 8 .2”  30”W

8.2” 3(3ff]j

( a )  A])erturc clialnctcr ill arcscconds.

A&

34”N

27”N

20”N

~O1lN

30”N

20”N

60”s

;;OIIN

60”N

120”N

ollN

OI,N

O“N

O“N

(MJy sr--’)

3.89

7.58

8.36

7.19

5.90 * 0.34

9.19

].iy) + 0.40

7.37 * 0.41

2.70 + 0.56

0.3!5 + 0 . 1 0

< 2.44

5.25 + 0.86

<0.75

< 1.42

(b) Ofrset fro]]] central star of IIebular positioll, in arcseconds.

Note to ‘1’able lJnccrtaintics  arc +1-o. Upper limits are 3-cJ.
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TABI,E 3

Inf ra red  Colors  o f  Ref lec t ion  Nebulae

Ncbu]ar  Offsetb

1(--[ 3.3 pm]

< 1.67

A6

30”N

20”s

30//s

20’JS

30”s

I 25”S

30,,s

30”s

30”s

30”N

J -- K J --11 13-- Ii’ K – 1,’

<0.420.4 I

+ 0.1?

0.71

& 0.23

0.29

* 0.11

1.01

+ 0.20

>0.81

Vd}] 17 6.2” ()//1 4.39

+ 0.30

. . .

3.39

50.32

. . .8.2” 30J/p; . . . . . .

10.5” oq,; 0.88

+: 0.12

0.83

+ 0.10

>0.78

4.46

+ 0.11

<4.21

2.56

+ 0.16

2.93

+ 0.29

. . .

1.72

+ 0.11

> 0 . 8 7v~])  22 ]  ().5” 30”W

10.5” (yq<;

.,.

> –0.29 >0.36. . . . . .

<2.28 < 1 . 7 7!., . . . . . .

0.22

+ 0.13

0.30

& 0.1!

–0.09

& 0.16

< 3 . 0 2 ~ 2.09

19.6” 30//]; <3.23 <2.56. . . . . . . . .

V(II1 46 1 0 . 5 ”  3 0 ” W 0.38

* 0.17

0.35

* 0.19

0.03

* 0.19

. . . . . .
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T A B L E  3 ,  C o n t i n u e d

Inf ra red  Colors  o f  Ref lec t ion  Nebulae

Nebular Offsetb

NaInc Ap” Ao

VC]}]  52 ]  0.5” 40”\~

10.5” (y],;

10.5” oqj

Vdl) 57 1 0 . 5 ” 30”1;

Vdl) 59 10.5” 60”1!

vdll  60 10.5” 30//];

V(II3 72 1 0 . 5 ”  3 0 ” W

Vdl] 7’1 10.5” 30”1;

1 9 , 6 ”  30”1;

A& J – K  J - - H  H - K

40”s 1.83 0.94 0.89

+ 0.19 + 0.16 + 0.19

60”s 2.13 1.25 0.88

+ 0.19 + 0.16 + 0,19

60”N 1.95 0.88 1.07

+ 0.20 + 0.21 + 0.18

~olls 1.91 0.89 1,02

+ 0.18 + 0.17 + 0,16

40”s 1.78 0.71 1.06

+ 0.24 + 0.31 + 0,22

30”s 2.54 1.15 1,39

* 0.10 + 0.11 * 0.09

30”s 2.07 1.18 0.89

+ 0.12 + 0.11 + 0.08

30”N 1.77 1.01 0.76

+ 0.27 + 0.33 + 0.23

30”N . . . . . . . . .

h’– [3.3 /1111]  A’ – 1,’

.,. 2.39

* 0.21

3.87 2.30

+ 0.21 * 0.21

3.03 1.94

+ 0.26 + 0 . 2 7

3 . 6 8  < 2 , 1 0

& 0.26

3.76 2.38

+ 0.25 + 0 , 3 0

3.24 2,49

* 0.13 + 0 . 1 3

3.61 2,45

+ 0.20 * 0 . 1 5

< 3 . 4 0  < 1 . 9 1

1.79 . . .

+ 0.37
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T A B L E  3 ,  C o n t i n u e d

Inf ra red  Colors  o f  Ref lec t ion  Nebulae

Nebular Offsetb

Name

l’arsamyan 18

Apa

6.2”

A(I

12“W

J -- K J -- H }1 - K 1{–[3.3 pm] 1{ – L’

,.. . . . . . . 4.22 2.78

+ 0.21 + 0.29

4.39 2.82

+ 0.19 + 0.30

3.20 1.98

+ 0.20 * 0.28

4.42 2.70

+ 0.19 + 0.28

3.99 2.97

+ 0.27 + 0.33

4.12 2.98

+ 0.13 + 0,10

4.48 2.78

+ 0.13 * 0.19

. . . <0.98

6.2”

6.2”

12’tw

oq]

] 2//N

12“s

. . . . . . ,.<

. . . . . . . . .

6.2” 12“N . . . . . . . . .

6.2” ()//N . . . . . . . . .

10.5”

10.5”

15“W

12“W

(YIN

12“N

. . . . . . . . .

1.88 0.97 o.!)]

+ 0.09 + 0.10 + 0.07

1.16 0.82 0.34

+ 0.39 + 0.39 + 0.36

. . . . . . . . .

Vdll 133 10.5” Z(y]j 30”N

10.5” 30”N . . . 0.89

+ 0.31

<1.38 . . .19.6” 30”N . . . . . . . . .
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‘IA13LE  3, Continued

Infrared Colors of Reflection Nebulae

Nebular 0ffsct6

Ap’ Ao

6 . 2 ”  52”W

6.2” 44”W

6 . 2 ”  35”W

10.5” 30”W

10.5” offI;

10.5” olf~

10.5” oll~

10.5” 011],;

6.2” 30/1]~

9.2” 30/1]!;

34”N

27”N

20”N

20”N

60”s

30”N

60”N

120”N

301/N

30”N

.<<

. . .

. . .

2.04

+ 0.07

. . .

2.10

* 0.10

. . .

. . .

1,10

& 0.16

. . .

. . .

. . .

. . .

1.11

& 0.12

. . .

1.08

* 0.10

. . .

. . .

O.(iO

3:0.17

. . .

. . .

. . .

. . .

0.93

+ 0.12

. . .

1.02

+ 0.09

. . .

.,,

0.50

& 0.1’1

. . .

3.74 2.01

+0.13 +0.11

4.47 2.63

+ 0.08 + 0.08

3.83 2.58

+ 0.09 + 0.07

3.69 2.24

+ 0.16 + 0.08

4.03 2.55

+ 0.32 + 0.35

3.60 2.31

* 0.22 + 0.10

3.89 2.20

+ 0 . 3 2  + 0 . 3 3

<4.92 <3.80

2.72. . .

+ 0.27

4.38 3.44

+ 0.20 * 0.21
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(a) Aperture diameter in arcseconds.

(b) Offset froln  central star of nebular position, in arcscconds.

Note to Table Uncertainties are +1-o. Upper and lower limits are 3-0.
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TABLE 4

Inf ra red  Magni tudes  o f  I l lumina t ing  S ta r s  o f  Ref lec t ion  Nebu lae

Name Apa J 11

Vdll 10 7.7” . . . . . .

10.5” . . . 3.96

Vdl] 16 1 0 . 5 ” . . . . . .

Vclll  17 6.2’1 8.81 8.49

+ 0.15 +0.11

~.yl 8.87 8.52

+ 0.07 + 0.13

10.5” 8.84 8.49

+ 0.06

v{]})  22 8.2” . . . . . .

10.5” . . . . . .

19.6” . . . . . .

57.0” 4.29 4.24

1{ [3.3 pm] I.’

3.75

+ 0.10

3.85

7.64

+ 0.06

8.30

* 0.11

‘s.30

+ 0.18

8.31

4.17

+ 0.18

4.28

4.32

& 0.10

4.24

. . .

3.65

+ 0.16

. . .

8.06

+ 0.14

. . .

7.82

. . .

4.29

+ 0.09

4.32

+ 0.21

. . .

. . .

3.46

+ 0.10

. . .

8.06

-+ 0.24

. . .

8.10

. . .

.

4.49

+ 0.20

. . .
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T A B L E  4 ,  C o n t i n u e d

Inf ra red  Magni tudes  o f  Illunlinating  Stars of  Reflection Nebulae

Name A pa J II K [3 .3  pm] 1,’

ltlias 1 8.2”

10.5”

vdI] 34 6. 2“

19.6”

vdl)  35 10.5”

Vdl] 46 1 0 . 5 ”

\Fdll 52 6.2”

10.5”

V(11) 57 10.5”

Vdl] 59 1 0 . 5 ”

. . .

8.78

* 0.07

5.32

* 0.15

. . .

. . .

8.19

+ 0.07

. . .

7.55

* 0.11

7.64

7.64

* 0.21

. . .

6.95

5.31

+ 0.11

. . .

. . .

7.07

. . .

7.45

* 0.11

7.37

5.60

+ 0.18

,5.80

+ 0.06

5.27

+ 0.11

5.23

+ 0.10

6.12

+ 0.19

6.20

+ 0.06

7.37

+ 0.15

7.38

+ 0.12

7.25

7.13 6.82

+ 0.21 :! 0.21

4.72

+ 0.10

5.25

+ 0,14

5.34

+ 0.21

. . .

.,.

. . .

6.85

& 0.21

7.32

6.63

* 0.21

. . .

4.41

+ 0.10

5.22

+ 0.24

5.49

& 0.20

. . .

. . .

7.01

+ 0.11

7.10

* 0.10
.

7.21

6.73

k 0.21



Infrared Magnitudes

F! a] nc Apa

Vdl) 60 ~apll

-41-

T A B L E  4 ,  C o n t i n u e d

of I l luminating Stars  of  Reflect ion Nebulae

J 11 K

7.05 . . . [i.81

& 0.07 + 0.19

10.5” 7.11 6.60 6.42

& 0.07 :& 0.06

v(111 72 6.2” . . . . . . 8.65

,

10.5” 8!71 8.63 8.59

V(I1I 74 10.5” 9.70 9.48 {)+25

+ 0.18 + 0.18 + 0.06

l’arsamyan  18 (j.~lr 10.32 9.68 {). ](J

+0.15  + 0.11 + 0 . 1 1

10.5” . . . . . . . . .

t

V(11I 101 7.7” . . . . . . 3.67

* 0.10

\,(l]] ]]] 7.7” . . . . . . 5.60

[3.3 pm]

. . .

. . .

~.~3

4:0.10

i’.4(i

+ 0.14

(i.74

3: ().23

.,.

. .

I,’

. . .

6.16

+ 0.10

. . .

8.31

& 0.07

8.43

+ 0.10

7.92

+ 0.24

. . .

. . .

. .

. . .
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TABLE 4, Continued

Infrared Magnitudes of Illuminating Stars of Reflection Nebulae

Name A pa J

1’[111  133 ~o~// . . .

~.zll 4.24

% 0.10

10.5” . . .

19.6” . . .

Vdl) 135 7.7” . . .

Vcll) 137 10.5” . . .

V[lll 139 6.2” . . .

10.5” 6.09

11 K

. . . . . .

3.78 3.58

+ 0,13 + 0.18

. . . . . .

,.. . . .

. . . 3.57

& 0.10

4.45 4.35

. . 4.76

5.41 4.63

[3.3 /L1l”l]

. . .

. . .

. . .

3.56

& 0.21

. . .

. . .

3.58

& 0.21

1.’

3.12

* 0.13

. . .

3.44

+ 0.08

.,.

. . .

. . .

3.36

3.37

.,
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TABLE 4, Continued

Infrared Magnitudes of Illuminating Stars of Reflection Nebulae

Na]nc A pa J II K [3 .3  pm] 1,’

vcl H 146 6.2” .,. . . . 8.48 . . . 8.00

* 0.06

8.2” . . . . . . 8.34 . . . . . .

+ 0.11

g.~11 . . . . . . 8.44 8.02 8.2]

+ 0.12 + 0.09

10.5” 8.83 8.57 8.36 . . . ,..

* 0.07 + 0.06

V(IH 152 8.2” 8.93 8.85 9.04 . . . . . .

+ 0.07 * 0.13 + 0.11

(a) Apcrturc diwnctm  in arcseconds.

Note to ‘1’able [Jnccrtai)]tics  arc +1-o, and arc only given when larger than 0.05 msg.



-44-

TABLE 5

10 and 20 Micron Magliitudes  of

Illuminating  Stars of Reflection Nebulae

Nebula

Vdl] 9

Vclll  10

vdIl 12

vdB 16

17 Tau

20 Tau

23 ‘l’au

25 ‘1’au

Vdll 25

AF, Aur

vdll 35

vdll  37

\7d]] 40

vdH 41

V(111 47

N(2C 2068

NGC 2071

N

4.10 + 0,10

3.63 * 0.08

3.53

7.64 + 0.15

3.77

3.99 + 0.09

3.92 + 0.08

2.43

4.47

5.37 + 0.11

5.98 + 0.07

0.84

5.78 + 0.08

8.13 + 0.34

2.68 + 0.08

5.66 + 0.10

6.51 + 0.24

Q

. . .

. . .

3.35 + 0.09

. . .

3.72 + 0.14

. . .

3.70 + 0.19

?.04 + 0.08

>4.46

.,.

. . .

0.69

. . .

. . .

?.66 + 0.08

. . .

. . .
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TABLE 5, Continued

10 and 20 Micron  Magnitudes of

Illuminating Stars of Refiecfion  Nebulae

Nebula N Q

vdll  61 5.59 + 0.10 . . .

vdll  62 6.40 * 0.12 . . .

vdll  133 3.46 + 0.10 3.:)0 + 0.26

V[113 136 3.13 + 0.10 2.S8 & 0.24

vdB 135 3,39 + 0.10 3./)3 * 0.28

vdlj  137 4.07 + 0.10 ,..

Note to Table-  ~]nccrtainties  arc +1-o, and are only given when larger than 0.05 msg.

l,owcr  limits arc 3-0. Aperture diameter was 6“ for all measurclIlellts,
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TABI,E 6

Estimated 2,2 pm Nebular Optical Depths

Nebula

10

17

22

34

35

46

52

57

59

60

72

74

9918

101

111

133

135

137

139

146

152

Notes to ‘1’tll)l[’:

T(l{)’ 7(1{)/’

. . . 0.0021’

0.098- 0.155 0.108

0.0066- 0.0843 0.0140

. . .

. . .

0.1s -0.57

0.083-0.123

0.0170

1.32--2.48

0.060- 0.27.5

0.068

0.021--0.038

0.16- 1.08

. . .

. . .

.,.

. . .

0.00095

0.045- 0.093

0.066- 0.166

0.014- 0.079

0.00051

0.030

. . .

0.108

0.007:1

0.11

0.108

0.108

0.108

0.11

0.0067

0.0075

0.0080

0.028

. . .

0,05!5

,..

. . .
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(a) Nebular optical depth at J{, ~(1{),  derived from I~quation  3 combined with visual

observations of rcfleckd light (R.acine  1971; Witt 1977; Witt & Cottrcl]  1980a; Cottrell

1981; Witt, Schild, & Kraiman  1984; Witt 1985b, 1986; Witt & Schild  1986; Witt et al.

1987) to estin)ate  the visua] optical ciepth,  T(V), for each ncbu]a, with T(A’) = T(V) / 9.29

(Matllis  1990).

(b) Nebular optical depth at l{, ~(1{),  derived from the value of Av(nd)  calculated

i]] l’apcr 111, which is an estimate of T(V) for each nebula calculated froln  the alnount  of

starlight incident on the nebula which is reradiated in the far infrared, with T(K) = T(V) /

9.29 (h4athis  1990).
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Figure Captions

Figure 1- Hroadbancl  distribution (“llcd  circles)  of nebular surface brightness from

NGC 2071, 30”h; 30”S of the central star, together with the spectrum near the 3.3 pm

emission feature (histogram). ‘1’hc 3.2–3.6 pm spectru]n  was lncasured  with a circular filter

whcxd with a spectral resolution A/AA  = 67 alld a 10.fi”  dialllcter  beam. Units arc surface

brightness ill MJy sr-] and wavelength in pm. Uncertainties arc +1-a. The data at J, }1,

A’, 1,’, and near the 3.3 pm feature are from this papcl.  Visual data are from Witt & Schild

(1986). An estimate of the surface brightness of scattered starlight (see text), normalized at

II, is s]lowll  ~ssuIIlillg  ~it}lcr (solid  li?le) the albedo  is independe]lt  of wavelength or (dotted

line) the albcdo  depends on wavelength

Figure 2- Ncar infrared colors J

as predicted by IIraillc  & 1,ce (1984).

— 11 and 1{ – 1{ of extclldcd  emission in reflection

nebula,e.  N’ebulae in which the 3.3 pm cnnission feature was detected  (J~lcd circles), are

plotted scparatc]y from nebulae (open tides) in which the 3.3 pJ]] emission feature was

not scarchcd for, or searched for and not dctectcd.  Tlie near infrared colors of the central

stars with (~illcd siam)  and without (open  stars) hydrogen emission lines arc also shown.

llncertaintim  shown arc +1 -u; no uncertainties are shown for the stellar colors. No limits

on llcbu]ar  colors arc shown but they are consistent with the other  nebular colors shown.

ill reflcctiol~ l]ebulacj  ( V  —  K)meb ,

(v – K),,a, . Nebu]ae  in which the 3.3

])lotted separately from ;’ebulae (open

Figure 3- V – K color of extcmclcd e]nission

p]ottccl  vs. the V – K color of the illuminating star,

p]n  cvnission  feature was detected (filled  circles), are

cimlcs)  ill which the 3.3 ~tm mnission  feature was not searched fol,  or searched for and not

detected.  ‘J’hc l“ – A’ colors of the purely  scattered light componw]t  in NGC 7023 (Paper

IV) arc also SIIOW]l (open iriangl(s).  llppcr  lilnits  arc 3-0; uncertainties shown are +1-u.

(V -- A’),,ct,  as a function of (V – A’),ta,  , prcdictcd  for scattcrcd  starligl)t  (see text), is shown

for four cases  with diffcrcmt assumptions about how tllc  albcdo  dclxllds  on wavelength and
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whcthcr the nebula is optically thin or thick: (1 ) optically thick nebula, hig}l  albedo  grains

(doilrd  line); (2) optically thick nebula, low albcdo grains (short-dashed lint); (3) optically

thin nebula, IIigh a]bcdo grains (long-dashed line); and (4) optically thin nebula, low albedo

grail~s  (sohd /i7/c).  Nebulae with K emission ill excess of scattered starlight fall above and

to the left of these lines.

Figure  4- l’lot of the logarithm of the ratio of the observed 1{ surface brightness,

,$0~, , to tlIc estimated surface brightness of reflected starlight, S,,f(cst), vs. log(7&,),

where ~~ta, is the temperature of the central star of each nebula. Nebulae in which the 3.3

j~]ll cnlissio]l  feature was detected (filled circles),  are ]Jlotted  separately from nebulae (open

cimics)  ill which the 3.3 pm emission feature was not searched for, or searched for and not

dctcctcd.  lJppcr  l imits  are 3-0. ‘l’he purely scattered light colnpollent  of the 1{ emission

of NGC 7023 (1’aper  IV) is also shown (open  frianglcs). ‘1’he uncertainly in S,cf(cxt)  is a

factor of 3, corresponding to an uncertainty in log[S,,f(est)]  of 0.5. Sources falling above the

dotted line by more thall this u]lcertainty  likely have {’xcess A’ emission due to something

otllcr  tha~l reflected starlight.

Figure 5 ‘J’lle strength of the 3.3 pm emissioll  feature ill reflcc.tion  llebulae vs.

telnpcraturc  of the central star, ?~tar . lJpper and ]owcr limits  are 13-o; uncertainties shown

are +1-0. Ibp: 1{ Inagnitude  minus the magnitude at 3.3 pm. ‘1’}]c  3.3 pm magn i tude

includes hot]] 3.3 ~i.in continuum emissiorl  and any 3.3 pm feature emission. Botiom:  g’he

s~lrfacc IJriglltlless  (MJy sr–l  ) at the peak of tile  3.3 ~{nl feature ratiocd to the continuum

surface briglltllcss  (MJy sr–]  ) at :3,3 pm. ‘J’he 3.3 pm feature enlissio)l  has  b~en  corrected

for tllc  colltiIluuln  emissiol]  at 3.3 pm, by interpolatillg  bctweml  the 1{ and 1,’ s u r f a c e

briglltllesscs.

Figure 6 ‘1’]]c surface brightness (MJy sr-l ) at the peak of ihc 3.3 pm feature

ratioed to t]le collt,i]luuln  sllrface  brightness  (h4Jy  sr- 1 ) at 3.3 j~m, vs. the 1{ — 1,’ color
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‘J’lIc  3.3 pm feature emission has been corrected for the continuum emission at 3.3 pm, by

interpolating between the 1{ and l.’ surface bright nesses. U~Jpm ancl lower limits are 3-0;

unccrtail]tics  shown arc +1 -u.

Figure  7- Ncar infrarccl  colors J – }{, 1{ – I{ and K – ),’ of extended emission in

reflection nebulae plotted vs. tenlperature  of the central star, 7L~~l . Nebulae in which the

:3.3 ~[nl  emission feature was detected  (filled  circles), ~rc pIottcd  separately from ncbu]ae

( opt.n circles)  ill which the 3.3 pm emission feature was not scarc}lcd  for, or searched for

and not dctectecl. Uncertainties shown arc +1 -a. ‘1’1]( 3-u  upper limits are given only for

1{ – l,’; the lower lilnits  to J – 11 and 11 – 1{ are col]sistent with the other plotted points.
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